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Il. INTRODUCTION 


1. Object and Scope of Investigation 


Present design specifications do not provide for 
the use of rivets subjected to combined shear and 
tension; they only provide for rivets stressed either 
in shear or in tension alone. The Current AISC 
Specification for the Design, Fabrication, and Erec- 
tion of Structural Steel for Buildings permits a de- 
sign stress of 15,000 psi for rivets in shear and 
20,000 psi for rivets in tension; the AREA Specifi- 


- cation for Steel Railway Bridges permits a design 


stress of 13,500 psi for power-driven rivets in shear 
but does not refer to the use of rivets in tension; 
while the AASHO Specification for Highway 
Bridges allows a design stress of 13,500 psi for 
structural carbon steel rivets in shear and also 
states that, “Rivets in direct tension shall, in gen- 
eral, not be used, but if so used their value shall 
be one-half that permitted for rivets in shear.” 
Nevertheless, the rivets in structural connections 


are often subjected to loads which produce a com- 


bination of shear and tension. 

Many tests have been conducted in which rivets 
were subjected to shear and tension alone; how- 
ever, few tests have been made in which the rivets 
have been subjected to known combinations of 
shear and tension. Wilson and Oliver,* in one of 
the studies which has been conducted on rivets in 
tension, determined the strength of rivets which 
had been subjected to various heating and driving 
conditions. Young and Dunbart made tests of 
rivets in tension, rivets loaded with a tensile force 
equal to the shearing force, and rivets loaded with 
a tensile force equal to twice the shearing force. 
In this latter investigation it was found that the 
rivets loaded with a tensile force equal to twice 
the shearing force had ultimate strengths about 
4 per cent less than the ultimate strength of the 
rivets loaded in direct tension, and that the rivets 
loaded with a tensile force equal to the shearing 
force had ultimate strengths about 35 per cent less 
than the ultimate strength of the rivets loaded in 
direct tension. 

In view of the meager amount of data available 
on the strength of rivets loaded in combined shear 
and tension, the extensive program of tests re- 
ported herein was planned by the Research Council 


* “Tension Tests of Rivets,’ by Wilbur M. Wilson and William A. 
Oliver. Bulletin No, 210, University of Illinois Engineering Experiment 
Station, 1930. 

+ ‘Permissible Stresses on Rivets in Tension,” by C, R. Young 
and W. B. Dunbar. Bulletin No. 8, University of Toronto Faculty of 
Applied Science and Engineering, 1928. 


on Riveted and Bolted Structural Joints to study 
the question. The primary object of the investiga- 
tion was to determine more completely the strength 
and behavior characteristics of rivets subjected to 
various combinations of shear and tension. 

Studies have been made, also, of the manner in 
which the yield strength, ultimate strength, and 
the deformations of the rivets were affected by 
such variables as rivet grip, rivet diameter, method 
of driving, and type of manufacture of the rivet. 
In general, the ultimate strength of the rivets has 
been taken as the basis for comparison. The term 
shear-tension ratio as used throughout the report 
refers to the ratio of the component of force normal 
to the rivet axis (shear) to the component of force 
acting along the rivet axis (tension). 
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Il. DESCRIPTION OF TEST SPECIMENS AND 


3. Description of Test Specimens 


The test specimens consisted of high button- 
head rivets which were driven into pairs of round 
blocks of the type shown in Fig. 1. These blocks 
contained a drilled rivet hole 1/16 in. larger than 
the nominal rivet diameter, and were machined 
on all surfaces. The blocks had the same outside 
for all rivet The 4% by 14 in. 
undercut at the center of the blocks provided 
shoulders on which the load was applied to the 


diameter sizes. 


riveted specimens. 
In order to study the hole-filling qualities of 
the rivets 


the various conditions, 


longitudinal sections were cut through the center 


driven under 


of a number of specimens. These sections were then 
polished to remove the burrs from the edges of the 
rivets and blocks, and photographed as shown in 
Figs. 2 through 5. It is evident, in these figures, 


ae Variable al 


Grip 


“Ll 


E. Variable 


Fig. 1. Details of Test Specimen 


EQUIPMENT 


Fig. 2. Sections of 1-in. Grip Hot-Formed Rivets. 
Hand-Pneumatic Driven 


that some of the rivets filled the rivet holes better 
than others, but in all cases there was some clear- 
ance around the rivets. 

A demonstration of the effect of a variation in 
grip, from 1 in. to 5 in., upon the hole filling 
characteristics of the %-in. hand-pneumatic driven 
rivets is given in Fig. 3. In this ease, the rivets 
with a 5-in. grip did not fill the hole throughout 
their entire length as well as the rivets with the 
shorter l-in. or 2-in. grip. Near the driven head, 
however, the hole was well filled for all three grips. 

Two types of rivet stock were used in these 
tests: hot- and cold-formed. Sections of hot- and 
cold-formed rivets of 2-in. grip which were hand- 
pneumatic driven are shown in Fig. 4. In these 


Fig. 3. Sections of 7/g-in. Diameter Hot-Formed Rivets. 
Hand-Pneumatic Driven 
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Fig. 4. Sections of 2-in. Grip Rivets, Hand Pneumatic Driven, 
= Top, Hot-Formed, Bottom, Cold-Driven 


sections there appears to be no appreciable differ- 
ence in the hole filling quality between the hot- 
and cold-formed rivets, both hot driven. 

Another variable included in this study of the 
degree to which the rivets filled the holes was the 
method of driving, hand-pneumatic and machine. 
Figure 5 shows sections of hot-formed rivets of 
5-in. grip that were hand-pneumatic and machine 
driven. Along the length of these rivets there ap- 
peared to be little difference in the magnitude of 
the clearance between the rivet and the rivet 
blocks, although the clearance seemed to be some- 
what more uniform for the machine driven rivets 
than for the hand-pneumatic driven rivets. 

In Fig. 5(a) the driven ends \(hand-pneumatic 
driven) of the rivets are at the top and the bucked 
ends are at the bottom. It can be seen that, near 
the bucked ends, the rivets did not fill the holes as 
well as at other points along their lengths. This 
effect. is less pronounced in the machine driven 
rivets of Fig. 5(b) but is still evident. It is believed 
that, in general, the hole filling of all of the speci- 
mens in Figs. 2 to 5 are typical of what might be 
expected from ordinary driving procedures. 


Table 1 
Chemical Composition of Rivet Steels 
(from Mill Reports) 


Types of Steel Chemical Composition in Per Cent 


ce Mn 12 8 Si 
Rimmed* 0.25 0.33 0.020 0.041 
Killed* 0.19 0.49 0.015 0.027 0.18 
Semi-Killed* 0.20 0.53 0.016 0.031 
ASTM A-141 0.18 0.45 0.011 0.038 


* These three rivet materials were used in the preliminary tests. 
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The chemical composition of the rivet steel for 
the principal or main series of tests is given in 
Table 1 and denoted as ASTM A-141. Those speci- 
fied as rimmed, killed, and semi-killed are the 
rivet steels that were used in a preliminary series 
of tests. Table 2 presents the mechanical properties 
of the A-141 rivet steels as reported in the Mill 
Report, and the properties obtained from standard 
0.505-in. diam tensile coupons tested in the labora- 
tory. The ultimate strength determined from tests 
of the standard 0.505-in. diam specimens was 
slightly higher, in most cases, than that reported 
by the Mill. However, the Mill Reports gave values 
for tests that were made on the as-rolled bars, 
whereas the laboratory tests provide the properties 
of the formed rivets. 


Fig. 5. Sections of, 5-in. Grip Hot-Formed Rivets, Top, 
Hand-Pneumatic Driven, Bottom, Machine Driven 
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Table 2 
Mechanical Properties of Rivet Material Before Driving 
Rivet Type Properties (0.505-in. Coupon) Properties (Mill Report)t 
Diam Rivet* Yield Ult., Per Cent Per Cent Yield Ult. Per Cent Per Cent 
(in.) Point, psi Elong. Red. Point, pst Elong. Red. 
psi Area pst 8 in. Area 
a4 Hot-Formed 40,100 58,300 46.0 65.0 
34 Hot-Formed 43 ,200 58,300 47.5 65.9 
Average 41,650 58,300 46.7 65.5 40,100 55,700 29.0 61.3 
i% Hot-Formed 42,400 57,300 39.0 67.8 
Ky Hot-Pormed 7 kites 57 ,800 38.0 67 .2 
Average 42,400 57 ,550 38.5 67.5 41,100 55,100 33.5 59.9 
1 Hot-Formed 41,550 42.3 66.0 
Hot-Formed 39,650 43.0 69.0 
Average 40,600 42.7 67.5 37 ,000 53,900 33.5 59.9 
34 Cold-Formed 44,200 38.2 68.0 
34 Cold-Formed 45,100 38.2 67.0 
Average 44,650 38.2 67.5 40,100 55,700 29.0 61.3 
% Cold-Formed 50,500 37.0 65.7 
i Cold-Formed 50,450 38.0 66.4 
Average 50,475 37.5 66.1 41,100 55,100 33.5 59.9 
Cold-Formed 45,900 41 7 67.1 
1 Cold-Formed 46,200 41.0 68.5 
Average 46,050 41.4 67.8 37 ,000 53,900 33.5 59.9 
Mechanical Properties of Rivet Rimmed Steel Rivet Material 
(Rivets Used in Preliminary Tests) 
% Hot-Formed 42,050 63 ,300 38.2 61.2 
% Hot-Formed 42,000 63 ,200 37.8 62.4 
Average 42,025 63,250 38.0 61.8 38,630 59,340 31.1 56.7 


* The cold formed rivets were annealed at 1200 F for 15 min after forming. 
+ Mechanical properties were determined before rivets were formed. 


The lower portion of Table 2 gives the me- 
chanical properties of the rimmed steel rivet ma- 
terial used in the preliminary tests. The properties 
of the semi-killed and killed steel rivets were not 
available for the tests. 


4. Description of Equipment 


All of the hand-pneumatic driven rivets were 
driven in the shop of the University’s Structural 
Laboratory in accordance with the AISC Specifi- 
vation for the “Design, Fabrication and Erection 
of Structural Steel for Buildings.” The rivets were 
heated in an electric furnace and then transferred 
to the driving block shown in Fig. 6. This driving 
block was designed to accommodate the specimens 
for all of the rivet diameters and grips. The rivets 


Fig. 6. Hand-Pneumatic 


Driving of Rivets 


were driven with a standard 90-lb pneumatic ham- 
mer operated at an air pressure of 88 psi. 

The machine driven rivets were driven in a 
typical structural fabricating shop using a_hy- 
draulie press riveter. An oil furnace equipped with 
standard blowers was used to heat the rivets. The 
temperature of this furnace was over 2000 F. The 
length of time the rivets remained in the furnace 


*s High 
a strength 
inserts 


Fig. 7. Cut-Away View Showing Method of Gripping Test Specimens 
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was about 4 min, after which the rivets became 
a reddish-white color. Care was taken to insure 
that the entire heating and driving process was 
performed by the shop’s standard method. 

A cut-away view of the test jig that was used 
to transmit load to the rivets is shown in Fig. 7. 
The split loading blocks shown in the photograph 
were fitted with high strength steel inserts which 
gripped the test specimens. The loading blocks, in 
turn, were attached to pull-plates by means of 
assembly bolts. These bolts tied the two halves of 
the split loading blocks and the entire assembly 
together, thereby making it possible to test the 
individual rivets. 

A diagram of the test fixture oriented for direct 
tension tests is presented in Fig. 8. To assemble the 
fixture for testing, the four split loading blocks are 


To grips 


To spherical seat and 
grips of testing machine 


Note.- Pull plates are drilled at 15° spaces to provide for 
various combinations of shear and tension 


=< 
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placed around the test specimen and the side 
plates and split blocks are bolted together with the 
eight assembly bolts shown. By loading through 
any one pair of the holes marked G to A, seven 
combinations of shear and tension can be obtained 
which vary from direct tension to direct shear. In 
order to eliminate bending in the rivets, the load 
was applied to the pull-plates through spherical 
seats which were located in the heads of a uni- 
versal testing machine. 

In the preliminary tests, measurements were 
made to obtain a general indication of the axial 
elongation and slip or deformation normal to the 
rivet axis when the rivets were stressed at the 
various shear-tension ratios. The gages which were 
used to measure the deformation of the rivets are 
shown in Fig. 9. The vertical dials to the left and 


Riveted test specimen 


(See Fig. /) Pull plates 


Fig. 8. Assembly of Test Fixture for Direct Tension Test of Rivets 
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Fig. 9. Cut-Away View Showing Method of Measuring 
Rivet Elongation and Lateral Slip 


right of the photograph (dials A and B) measured 
the separation of the two loading blocks. This 
separation, however, included the elongation of the 
rivet and, in addition, the elastic deformation 
within the loading blocks and the small round 
blocks into which the rivet had been driven. There- 
fore, the vertical dials mounted in line with the 
rivet (dials C and D) were used to obtain the 
correction necessary to determine the actual axial 
elongation of the rivet. 

The two horizontal dials (dials E and F) shown 
in the lower part of Fig. 9 were used to measure 


the slip or movement of the loading blocks in a 
direction normal to the rivet axis. In addition, 
measurements were made of the separation of the 
testing machine pull-heads as load was applied to 
the specimens in order to provide an indication of 
the deformation in the direction of loading. 


5. Details of Test Programs 


Before proceeding with the main test program, 
it was considered desirable to make a number of 
preliminary tests to determine the significance of 
several variables upon the strength and behavior 
of rivets subjected to various shear and tensile 
forces. These initial studies were designed to de- 
termine which of the driving and testing conditions 
required careful control and, to some extent, which 
variables needed to be studied further. 

Most rivets used in ordinary structural work 
are made from either rimmed, killed, or semi- 
killed steels. Consequently, one phase of the pre- 
liminary testing was developed to determine the 
difference in strength between structural grade 
rivets made from these three types of steels. 

A second phase of the preliminary study was 
designed to obtain the ultimate strength and load- 
elongation characteristics of rivets subjected to 
loadings at many different shear-tension ratios; 
the scheduled test program included loadings at 
only four different shear-tension ratios. This larger 
variety of shear-tension ratios made it possible to 
study in greater detail the manner in which the 
rivet properties varied with the shear-tension ratio. 

The effects of such variables as driving time, 
soaking time, and furnace temperature on the ulti- 
mate strength of hand-pneumatie driven rivets 
were considered also in the preliminary tests. In 
general the variation in variables was limited to a 
range ordinarily used in standard shop practice; 
however, in a few cases, wider ranges of variation 
were included. It was hoped that the results of the 
preliminary tests imyolving these variables com- 
bined with the information available on standard 
shop practice would permit a better selection of 
the driving conditions for the hand-pneumatie 
driven rivets of the test program. 


Ill. PRELIMINARY TESTS 


6. Effect of Rivet Material 


The preliminary tests were conducted on 7% in. 
rimmed, semi-killed, and killed steel rivets with a 
2-in. grip. Most of the rivets were heated to 1950 F 
in an electric furnace and then hand-pneumatic 
driven for 30 sec. Some of these rivets were soaked 
an unusually long time as a result of a delay that 
was encountered in obtaining the desired air 
pressure for driving; this procedure will account 
for some variation in the results of the tests. 

A total of sixteen rivets of the various steels 
were tested, the results of which are given in Table 
3. Specimens 1 to 11 were made of rimmed steel, 
12, 13 and 25 of semi-killed steel, and 15 to 19 of 
killed steel. Five of the rimmed steel rivets were 
tested in direct tension and five were tested at a 
shear-tension ratio of 1.0:0.414. The semi-killed 
and killed steel rivets were tested only in direct 
tension for comparison with the results of the 
direct tension tests of the rimmed steel rivets. 

The second column of Table 3 gives the soaking 
time in the furnace, in minutes, for each specimen. 
In any analysis of the data, this variation in soak- 
ing time must be taken into account because of its 
influence on the strength of the rivets. A grain 


growth in the rivet steel will result from an in- 
crease in the soaking time and cause a reduction 
in the strength of the rivets. All of the killed steel 
rivets had approximately the same soaking time 
and, as a result, almost identical strengths. Speci- 
mens 1, 25 and 19, of rimmed, semi-killed and 
killed steels respectively, had soaking times which 
were approximately the same. A comparison of 
ultimate strengths of these specimens, based on 
the area of the rivet holes, shows values of 70,200 
psi for specimen 1 (rimmed), 67,100 psi for speci- 
men 25 (semi-killed), and 69,000 psi for specimen 
19 (killed). A similar comparison of yield strengths 
provides values of 387,600 psi, 37,600 psi, and 
44,900 psi, respectively. Thus, killed steel rivets 
had a higher yield strength than the rimmed steel 
rivets, but the ultimate strengths of the two rivet 
types were about the same. The ultimate strength 
of the semi-killed rivets was only shghtly less 
than that of the rimmed and killed steel rivets. 
This fact may be attributed to the somewhat 
greater soaking time of the semi-killed steel rivets. 
Nevertheless, the differences were not appreciable. 

In the lower portion of Table 3 the results of 
the tests conducted at a shear-tension ratio of 
1.0:0.414 are presented. The stresses reported for 


Table 3 
Results of Tests of %-in. Rimmed, Killed and Semi-Killed Rivets 
(Hand-Pneumatic Driven, 2-in. Grip) 


Spec. Soaking Time Shear-Tension Type of 
Number min Ratio Steel 
15 43 0:1.0 Killed 
19 55 0:1.0 Killed 
18 52 0:1.0 Killed 
Average 
12 150 0:1.0 Semi-Killed 
13 157 0:1.0 Semi-Killed 
25 79 0:1.0 Semi-Killed 
Average 
1 58 0:1.0 Rimmed 
5 109 0:1.0 Rimmed 
7 121 0:1.0 Rimmed 
9 132 0:1.0 Rimmed 
1 143 0:1.0 Rimmed 
Average ; 
2 64 1.0:0,.414 Rimmed 
3 72 1.0:0,.414 Rimmed 
4 99 1.0;0.414 Rimmed 
8 126 1.0:0.414 Rimmed 
10 138 1.0:0.414 Rimmed 
Average 


Yield Stress, 
psi, Based on* 


Ultimate Stress, 
psi, Based on* 


Nominal Area of Nominal. Area of 
Rivet Rivet Rivet Rivet 
Area Hole Area Hole 

Jere 8 tr eee 80,900 70,300 
51,600 44,900 79,400 69,000 
51,300 44,600 80,800 70,200 
51,450 44,750 80,360 69,830 
41,900 36 ,500 71,300 62,000 
42,000 36 ,600 72,500 63,100 
43 ,300 37,600 77,100. 67,100 
42,400 36,900 73,600 64,060 
43 ,200 37 ,600 80,700 70,200 
48 ,300 42,000 79,490 69,230 
48 ,600 42,300 76,900 66,980 
46,900 40,850 73 ,340 63 , 880 
43 ,300 37 ,660 74,170 64,600 
46,060 40,080 76,920 66 , 980 
34,900 30,400 59 ,900 52,170 
29,800 25,960 56,700 49 ,380 
30,000 26,130 55,300 48,170 
30,000 26,130 54,200 47,208 
31,700 27,610 54,300 47 ,290 
31,280 27,240 56,080 48 ,840 


* Yield and Ultimate Stresses were obtained by dividing the testing machine load by the nominal area of the rivet and the area of the rivet hole. 
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these tests were obtained by dividing the total 
machine load (the resultant of the shear and ten- 
sile components) by the area of the rivet based on 
the nominal rivet diameter and the rivet hole 
diameter. The strength obtained at this shear- 
tension ratio was approximately 73 per cent as 
great as that obtained in the direct tension tests. 

Load-elongation measurements were made in 
the direct tension tests of the rimmed steel rivets 
listed in Table 3 to determine the approximate ini- 
tial tension that existed in the rivets and the 
characteristics of their stress-strain curves. The 
results of the measurements from the tests of 
specimens 1, 5 and 11 (see Fig. 10) indicated that 
the initial tension in the rivets was approximately 
equal to the yield strength of the rivets. In some 
tests, however, it was difficult to determine the 
exact point at which yielding began, particularly 
in those conducted under shear or combined shear 
and tension. 


7. Effect of Driving Time, Soaking Time, and 
Furnace Temperature 


The tests to study the effect of driving condi- 
tions on the strength of the rivets were made on 
7Yg-in. rimmed steel rivets with a 2-in. grip. The 
furnace temperatures were 1800, 1875, and 1950 F, 
and the driving times ranged from 14 to 30 see. 


60 


based on nominal rivet area 


Ze in rivets 
2 in. grip 
Rimmed stee/ 


1 


Stress in [OOOS psi, 


o Specimen / 
a Specimen 5 
4 Specimen // 


ra 4 6 8 
Strain in OOO! inch per inch 


Fig. 10. Stress-Strain Curves for Preliminary 
Specimens Tested in Direct Tension 


Table 4 
The Effect of Driving Time, Soaking Time, and Temperature 
on the Ultimate Strength of Rimmed Steel Rivets 


Spee. Furnace Temp. Soaking Time Driving Time Ultimate Load 
No. deg F min sec lb 
3p 1800 28 18.5 53 ,090 
4p 1800 14 18.5* 54,000 
5p 1800 14 23 55,100 
6p 1800 21 23 53,150 
7p 1800 28 23 53,150 
8p 1800 23 18.5 53,100 
10p 1875 14 14* 53,150 
1lp 1875 21 14 53,750 
12p 1875 28 14 50,900 
13p 1875 14 14 51,350 
14p 1875 21 14 50,700 
15p 1875 28 23 49 ,400 
16p 1875 it 23 52,080 
1 1950 58 30 48 ,560 
5 1950 109 30 47,790 
7 1950 121 30 46 ,240 
9 1950 132 30 44,100 
11 1950 143 30 44,590 


* Minimum Driving Time to form a full head. 
NOTE: All Specimens: 7-in. diam, 2-in. grip, Air Pressure at Driving= 
88 psi; tested at shear-tension ratio of 0:1.0. 


For each furnace temperature and soaking time, 
the minimum driving time was selected as the time 
to form a full head on the rivet. These minimum 
driving times were 18.5 sec for a rivet soaked 14 
min at 1800 F and 14 see for a rivet soaked 14 min 
at 1875 F. 

Table 4 presents the results of the driving 
study tests; Specimens 1, 5, 7, 9, and 11 of the 
previous study have been included to give a 
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Fig. 11. The Effect of Driving Time, Soaking Time and Temperature 
on the Ultimate Strength of Rimmed Steel Rivets 
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broader range of the variables. Although the num- 
ber of tests was limited, Fig. 11(a) shows that 
there was a definite decrease in ultimate strength 
as the soaking time was increased from 7 min to 
25 min. For soaking times varying from 25 min to 
109 min there was only a slight drop in the ulti- 
mate strength. However, beyond 110 min the 
ultimate strength appeared to decrease again as the 
soaking time was increased further. Since soaking 
times greater than 25 min would seldom be used 
in standard shop and field practice, except under 
unusual circumstances, the values of strength for 
these large soaking times are reported only as a 
matter of interest. Figure 11(b) shows values of 
ultimate strength for the more practical range of 
soaking times. 

It may be observed also in Fig. 11 and Table 4 
that the driving time had no consistent effect on 
the ultimate strength of the rivets and that the 
rivets heated at 1800 F gave only slightly higher 
ultimate strengths than those heated at 1875 F. 

Most structural fabricating shops heat their 
rivets until they reach a cherry red color before 
driving and then drive the rivets until a full head 
is formed. However, a survey of some of the largest 
fabricators produced very little information regard- 
ing the temperature or the length of soaking time 
most commonly used by these fabricators; one 
authority suggested that a general rule of thumb 
was to soak the rivets 5 min per 1-in. diam. 

In view of the data of Table 4 and Fig. 11 and 
considering the information obtained from fabri- 
cators as to the standard shop and field practice 
for hand-pneumatic driven rivets, it was decided 
to use the following conditions for the hand- 
pneumatic driven rivets of the test program. 


Rivet Furnace Soaking Driving 
Diameter Temperature Time Time 
In. Deg F Min Sec 
34 1850 18 18 
% 1850 21 20 
1 1850 24 22 


The furnace temperature of 1850 F is 100 de- 
grees less than the maximum temperature allowed 
in the AISC Specifications, and the driving time is 
slightly greater than the time required to form a 
full head. 


8. Variation in Ultimate Strength With Shear- 

Tension Ratio 

A number of the preliminary rivet tests were 
performed for the purpose of studying the variation 
in ultimate strength with shear-tension ratio. All 
of the rivets were of the rimmed steel, %-in. diam, 
2-in. grip, heated in an electric furnace at 1800 F 
for 21 min, and hand-pneumatic driven for 20 sec. 

The results of these tests, at various shear- 
tension ratios, are summarized in Table 5. Columns 
(4) and (5) give the ultimate rivet strengths based 
on the nominal rivet area and the area of the rivet 
hole respectively. A very convenient and informa- 
tive manner of presenting these data is in the form 
of an interaction curve, which illustrates the rela- 
tionship between the tensile and shear components 
of the ultimate strength of the rivets. In such a 
presentation the ordinate for each test is propor- 
tional to the tensile component, the abscissa is 
proportional to the shear component, and the radial 
distance provides a measure of the resultant 
strength of the rivet. 

This interaction relationship may be based on 
the tensile, shear, or coupon strength of the rivets, 
which have merits depending upon the application 
of each. Some persons might be most interested in 


Table 5 
Results of Preliminary Tests at Various Shear-Tension Ratios 


Spec. Shear-Tension Ultimate Ultimate Strength Ultimate Strength Ultimate Strength Ultimate Strength Col, (5) + 
No. Ratio Load, Based on Nominal Based on Hole of Rivet + of Rivet + Ultimate Tensile 
lb Rivet Area, Area, psi Ultimate Strength Ultimate Strength Strength of 
psi of Rivet in of Rivet in Rivet Stock 
Tension Shear Material* 
() (2) (3) (4) (5) (6) (7) (8) 
P-8 1.0:0.0 37,050 61,600 53 ,600 0.708 1.000 0.847 
P-7 1.0:0.268 36,600 60,900 53 ,000 0.700 0.988 0.838 
P-6 1.0:0.577 38,770 64,400 56,100 0.741 1.046 0.887 
P-11 1.0:0.668 38,700 64,400 56,100 0.741 1.046 0.887 
P-5 1.0:1.0 41,350 68,700 59,900 0.791 1.116 0.947 
P-9 0.668:1.0 43 ,700 72,800 63,300 0.836 1.179 1.001 
p-4 0.577 :1.0 48,300 80,300 70,000 0.925 1.304 1.107 
P-10 0.415:1.0 49,100 81,700 71,100 0.939 1.325 1.124 
P-3 0.268:1.0 50,700 84,300 73,500 0.971 1.368 1.162 
P-1 0.0:1.0 52,350 86,800 75,700 1.000 1.413 1.197 


* Ultimate Stress obtained from Standard 0.505-in. Coupon Tests = 63,250 psi. 


NOTE: Rivet Material: Rimmed Steel 
Rivet Diameter: 7% in. 
Rivet Grip: 2 in. 
Furnace Temperature: 1800 F 
Hand-Pneumatic Driving Time: 20 sec 
Soaking Time: 21 min 
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the data interpreted on the basis of the coupon 

strength. Designers, however, would probably be 

primarily interested in the relationship based on 1.0:0.0 
the shearing strength of the rivets; others may be 
more concerned with the tensile strength relation- 
ship. Nevertheless, in each case, the same general 
picture is obtained. 

The strength-tension and strength-shear rela- 
tionships for the various tests are presented in 
columns (6) and (7) of Table 5 respectively, and 
in Fig. 12. Ellipses, having as semi-major axis the 
ultimate strength of the rivet in tension divided 1.0:0.577 
by the rivet tensile or shear strength, and as semi- 
minor axis the ultimate strength of the rivet in 
shear divided by the rivet tensile or shear strength, 
agree quite closely with the results of the test data. 1.0:0.668 
The maximum deviation from these ellipses occurs 
at a shear-tension ratio of 0.668:1.0 and is only 
about 4 per cent. 

The strength of the rivets (based on the area of 
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Fig. 15, Effect of Shear-Tension Ratio on Ultimate 
Strength of Rivets 


coupons) is given in column (8) of Table 5 and 
plotted in Fig. 14. This figure is similar to Fig. 12 
except that the scale factor is based on the tensile 
coupon strength of a standard 0.505-in. diam speci- 
men instead of the tensile or shear strength of the 
rivet. Figure 14 has the advantage of correlating 
the rivet strength at the various shear-tension 
ratios with coupon strength of the rivet material. 


60,000 
e 
210 —m L010 \ Fe 
50000 ! 
e 
e 
iS 
8 
3 49000 
3 ay 
& 
8 i a 
= 
~ 50000 fs \ 
8 V/ ar 
Q a 
% ws, / 
g ys ji ee 
© 20,000|\—«' 5 “ ; 4 , J 
s ik WA i i, ji | 7% in. diam rivets 
° e x e e ° e e 2 in. grip 
a| Vee | 
= 
/0,000 @ s e we d d 
— 
a % N rey | iS) & 
S| 5 ~ Q : = 
ae : R < s : 
SG is S ‘S 2 N S 
0 


Deformation measured normal to rivet axis 


Fig. 16. Deformation Measured Normal to Rivet Axis for Preliminary Tests 
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However, this correlation, it should be realized, 
is affected to some extent by the heating and driv- 
ing of the rivet material; in the present tests, an 
increase of approximately 20 per cent was obtained 
in the tensile strength as a result of the driving. 
The effect of the shear-tension ratio on the 
ultimate strength of the preliminary specimens is 
shown also in Fig. 15. For loadings between shear- 
tension ratios of infinity (shear alone) and 2.0, 
little change occurred in the ultimate strength of 
the rivets; however, for loadings between shear- 
tension ratios of 2.0 and zero (tension alone), a 
relatively large increase occurred in the ultimate 
strength of the rivets. The corresponding ultimate 
strengths based on the area of the rivet hole for 
the three shear-tension ratios of infinity, 2, and 
zero are 53,600, 55,000 and 75,700 psi respectively. 
Examples of the fracture surfaces obtained in 
the tests at the various shear-tension ratios are 
shown in Fig. 13. The top rivet in the figure was 


60,000 


40,000 


tested in shear alone, while the remaining rivets 
from top to bottom had progressively decreasing 
shear-tension ratios. It can be seen that the frac- 
ture type and the deformation changed materially 
as the loading was varied from shear to tension. 
Stress-elongation or deformation curves for the 
tests at various shear-tension ratios are shown in 
Figs. 16 and 17. As would be expected, there was 
almost no axial elongation in the direct shear tests 
until stresses were reached that produced large 
shear distortions. However, the shearimg deforma- 
tions normal to the axis of the rivets for all of the 
rivets, except the one tested in direct tension, were 
relatively large, even at the lower stresses. This 
measured deformation was not the actual rivet dis- 
tortion normal to the rivet axis since it included 
slip and also some elastic action in the Jig and 
testing apparatus; nevertheless, the measurement 
does show the relative movements that occurred 
during the tests at various shear-tension ratios. 


Ve in. diam rivets 


2 In. grip 


based on nominal diam 
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No 
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Fig. 17. Axial Elongation for Rivets of Preliminary Tests 


IV. RESULTS AND ANALYSIS OF SHEAR-TENSION TESTS 


An outline of the tests in the principal test Table 7 
one : 3° S ry of Test Results of Series 1 
program is given in Table 6. Four different shear- _, Sy th cindy eget ae . 
Z : Grip; LIN. Drivine: HAanp-PNEUMATIC Rivets: Couip-ForMED 
tension ratios (1) 1.0:0.0, (2) 1.0:0.577, (3) OMonT: Sects ane Rivet Ultimate Ultimate Strength Based On 
nf 5 oO. Tension Size, oad, Nominal Hol 
1.0, and (4) 0.0:1.0, were used in each series, cor- Ratio in. Ib Aveo. Size, 
responding to directions of loading in the test 4,63 NOCD “4 25,000 56,500 As Osb 
0 : la 6-4 1.0:0 34 25,050 56,610 48 ,340 
fixture of 90, 60, 30, and 0 degrees with respect to 273 j'o.9 1% 32550 werk 47 200 
ia ; q > 7 1 4 la 7-6 1.0:0 KK 32,750 54,530 47 ,490 
the axis of the rivets. The other variables tne ee : 42/400 347060 47900 
program included the rivet size, grip, method of a 8-10 1.0:0 1 41,350 — ae 
are ; Average 54,77 »65 
driving and the method of rivet manufacture. For |, 6-s 1.0:0.577  % 25,870 58,460 49,930 
a : : sie le 6-10 1.0:0.577 3 25,150 56,840 48 ,540 
each particular rivet diameter and shear-tension {719 10.0577 io 33.280 55 360 18,210 
: eee SR eiOne Es ie : 5 ee® 1.0:0.577 % 33,000 47 ,851 
ratio of any series, two or three identical specimens — {f £3 ae ; Bees ees 
5 ‘ . 5 ‘0 5 2) 
were tested, depending upon the agreement in the e SC 0.000 em BL SieL at 
Average ec 340! 
results of the first two tests. le 6-9 0.577:1.0 % 30,200 68,250 58,280 
. . : : : le 6-6 0.577 :1.0 34 29 ,350 66,330 56,650 
A numbering system, indicating the test condi- j. 74 '377:10 % 36,850 61,350 33,430 
G z 2 see 2 2 C ts le 7-8 Wied yy 37 ,950 63,190 55; 
tions, was used for the individual test specimens. ;° 4 io 5: 50,550 64.450 57 120 
Hor example: (4a 7 — 2). The first digit refers to J°27 | 08770 1 28,008 rae Bae 
: Average ae 55, 
the series number given in Table 6, the following ig62 0:10 %4 32,430 73,290 62,590 
: J 1g 6-7 0:1.0 34 33 ,650 76,050 64,940 
g 
letter refers to the shear-tension ratio (see Table  j¢7-5 0:1.0 % 42320 70.460 61,360 
. ae } . 1g 7-7 0:1.0 % 42,750 71,180 61,990 
3 and Fig. 8), and the next digit refers to the rivet ifg5  o.10 il 56.130 71560 63,420 
5 7 s 5 - 710 1 56,200 71,650 63 ,500 
diameter in eighths of an inch. The final number ‘54 %! ep oe eae 
a 4 i r Average 72,360 62,970 
differentiates between identical specimens. 
9. Results of Tests Table 8 
Summary of Test Results of Series 2 
A total of 403 tests were conducted to study Grip: 11. Drivine: Hanp-PNeuMATIC Rivers: Hot-FormMep 
: : Spec. Shear- Rivet Ultimate Ultimate Strength Based On 
the strength of rivets under combined shear and ‘No. Tension _Size, Lond, NORGE Hole 
- a Ratio in, Area, Size, 
tension. In the analysis of the results of these tests ae aa 
c c ‘ : 3 25.2 56.95 
the ultimate rivet strength has been used as the 3867 #4 Sas He ee 
] is res ] 2a 7-3 % 31,500 52,450 45,680 
basis of comparison. The test data, presented in 387-3 ie ee ae pe aie ee eeb 
1 aq VE q y] , 2a 8-6 1 39,600 50,490 44,750 
Tables 7 to 14 inclusive, give values of ultimate 2588 : os ee ees 
Average 52,840 45,970 
Tabl 2c 6-10 34 27 ,030 61,090 52,170 
j ies 2c 6-9 34 26,800 60,570 51,720 
Outline of Test Program ae % 34280 57080 49700 
Series Grip, Method of Method of Rivet 9c 7-6 % 327300 53,780 46,830 
No.* in. Drivingt Manufacture 2¢ 8-9 1 40,400 51,510 45,650 
1 1 Hand Pneumatic Cold-Formed 2c 8-5 0: 1 40,930 52,180 46 ,250 
2 1 peed ynewmale sone Hommes Average 56,040 48,720 
3 5 and Pneumatic vold- Formed 3 se ae aetna 
4 i Hand Pneumatic Hot-Formed 2e 6-6 0.577 Hs ie “4 BE 1700 a 1708 2 wets 
5 2 Hand Pneumatic Cold-Formedt 2e 6-3 0.577: o 4, 326 ria Does 
6 3 Hand Pneumatic Cold-Formedt 2e 7-1 raps ue 1 Beiea Ee ts pe eee 
9 5 Machine Cold-Formed 2e 7-9 57721. 8 9,62! 35 , 57,45 
10 5 Machine Hot-Formed 2e 8-8 0.577:1.0 1 47,380 HO rk Rabe 
* Bach series of tests was conducted on 34-, 7-, and I-in. rivets and at 7° 8-10 0.577:1.0 1 47 ,330 60 »34 pene 
the following shear-tension ratios. Average 65,880 57,280 
(a) = 1.0:0.0 Qe 6-5 0:1.0 34 36,000 81,360 69,480 
(c) = 1.0:0.577 Qe 6-2 0:1.0 34 33,260 75,170 64,190 
(e) = 0.577:1.0 Qe 7-8 0:1.0 % 45,500 75,760 65,980 
(g) = 0.0:1.0 f AW ARS Lae ee 2 7210) WOO % 44,400 73,930 64,380 
fe % f23 
+ Hand-pneumatie driven rivets were driven in the University of Illinois ae : eats > 
A . Sue . 2g 8-2 0:1.0 1 56,280 71,760 63,590 
Structural Research Laboratory. Machine driven rivets were driven in a op 83 0:10 1 56.200 71.650 63500 
large structural steel fabricating shop. & ra ? Saree —* 
t Used type of rivets giving lowest values in Series No. 1, 2, 3, and 4. Average 74,940 65,190 
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Table 9 
Summary of Test Results of Series 3 
Rivets: Coxip-ForMED 


Grip: 5 IN. Drivine: Hanp-PNEUMATIC 


Spec. Shear- Rivet Ultimate Ultimate Strength Based On 

No. Tension Size, Load, Nominal Hole 

Ratio in. lb Area, Size, 

psi psi 
3a 6-2 1.0:0 34 22,750 51,410 43 ,900 
3a 6-4 1.0:0 34 22,770 51,460 43,940 
3a 7-9 1.0:0 %K 29,700 49,450 43 ,060 
3a 7-6 1.0:0 kK 30,370 50,566 44,040 
3a 8-6 1.0:0 1 40,200 51,255 45 ,420 
3a 8-9 1.0:0 1 39,400 50,235 44,520 
Average 50,730 44,146 
3e¢ 6-10 1.0:0.577 34 22,820 51,570 44,040 
3e¢ 6-5 1.0:0.: 34 23 ,300 52,660 44,970 
3c 7-4 1. K% 29,500 49,100 42,770 
3c 7-10 1 K% 29,600 49 ,280 42,920 
3c 8-3 1 1 40,350 51,440 45,590 
3c 8-5 1 if 39,470 50,320 44,600 
Average 50,728 44,150 
3e 6-9 0.577:1.0 34 26,250 59 ,320 50,660 
3e 6-6 0.577:1.0 34 27,500 62,150 53,070 
8e 7-3 0.577:1.0 KB 36,700 61,100 53,210 
Be 7-8 0.577:1.0 WE 35,450 59,024 51,400 
3e 7-5 0.577:1.0 A 35,340 58,840 51,240 
Be 8-4 0.577:1.0 1 46 ,670 59,500 52,740 
3e 8-7 0.577 :1.0 1 46,150 58,840 52,150 
Average 59,825 52,070 
3g 6-7 0:1.0 34 28,700 64,860 55,390 
3g 6-8 0:1.0 34 29,600 66,900 57,130 
3g 6-3 0:1.0 34 28,000 63,280 54,040 
3g 7-2 0:1.0 K 39,400 65,600 57,130 
3g 7-7 0:1.0 % 38,900 64,770 56,400 
3g 8-2 0:1.0 1 49 ,500 63,100 55,930 
3g 8-8 0:1.0 1 50,100 63,870 56,610 
Average 64,625 56 ,090 


streneth computed for the nominal rivet area and 
the area of the rivet hole for four shear-tension 
ratios for each series of tests; the rivet grip, the 
method of driving, and the method of rivet manu- 


Table 10 
Summary of Test Results of Series 4 


Grip: 5 IN. Drivine: Hanp-PNEUMATIC Rivers: Hot-Formep 
Spec. Shear- Rivet Ultimate Ultimate Strength Based On 

No. Tension Size, Load, Nominal Hole 

Ratio in. lb Area, Size, 

pst pst 
4a 6-2 1.0:0 34 22,680 51,200 43 ,800 
4a 6-3 1.0:0 34 23,150 52,200 44,600 
4a 7-2 1.0:0 % 32,100 53,400 46 ,500 
da 7-5 1.0:0 y% 31,300 52,100 45 ,400 
4a 7-8 1.0:0 KB 31,280 52,000 45,400 
4a 8-1 1.0:0 1 38,100 48 ,600 43,100 
da 8-2 1.0:0 1 38,650 49 ,300 43,700 
4a 8-11 1.0:0 1 39,870 50,800 45,000 
Average 51,200 44,690 
4c 6-10 1.0:0.577 34 22,800 51,500 44,000 
de 6-9 1.0:0.577 34 22,450 50,600 43 3800 
4c 7-3 1.0:0.577 K% 31,800 52,900 46 ,200 
4e 7-6 1.0:0.577 % 31,020 51,600 45,000 
4c 8-8 1.0:0.577 1 38,860 49,500 43 ,800 
4e 8-3 1.0:0.577 th 37,400 47 ,700 42,300 
4e 8-10 1.0:0.577 1 38,750 49,300 43,700 
Average 50,440 44,040 
de 6-8 0.577 :1.0 34 27,540 62,200 53,100 
de 6-11 0.577:1.0 a4 26,900 60,800 51,800 
de 7-4 0.577:1.0 K% 40,100 66,700 58,100 
de 7-10 0.577 :1.0 % 36,900 61,400 53,500 
de 7-9 0.577 :1.0 % 37,300 62,000 54,100 
de 8-7 0.577:1,0 1 46 ,000 58 ,600 52,000 
de 8-6 0.577 :1.0 1 46,700 59 ,500 52,800 
Average 61,600 53,630 
4g 6-7 0:1.0 34 29,250 66 ,000 56,400 
4g 6-5 0:1.0 34 29,850 67,400 57,600 
4g 6-1 0:1.0 34 29,110 65,700 56,200 
4g 7-11 0:1.0 % 40,820 68 ,000 59,300 
4g 7-7 0:1.0 % 40,350 67 ,200 58,500 
4g 7-1 0:1.0 X% 41,000 68,200 59,400 
4g 8-9 0:1.0 1 49,910 63,700 56,500 
4g 8-4 0:1.0 1 49 ,00) 62,500 55,400 
4g 8-5 0:1.0 1 50,450 64,300 57,000 
Average 65,890 57,370 


Table 11 
Summary of Test Results of Series 5 


Grip: 21N. Drivinc: Hanp-PNEUMATIC Rivers: Coup-ForMED 
Spec. Shear- Rivet Ultimate Ultimate Strength Based On 
No. Tension Size, Load, Nominal Hole 
Ratio in. lb Area, Size, 
pst psi 
5a 6-9 1.0:0 84 24,150 54,580 46,610 — 
5a 6-11 1.0:0 34 24,500 55,370 47 ,280 
5a 7-5 1.0:0 K% 31,940 53,180 46,310 
5a 7-4 1.0:0 K 31,020 51,650 44,980 
5a 8-2 1.0:0 1 40,950 52,210 46,270 
5a 8-5 1.0:0 1 40,500 51,640 45,760. 
Average 53,100 46,200 
5e 6-7 1.0:0.577 34 24,800 56,050 47 ,860 
5c 6-10 1.0:0.577 34 24,350 55,030 46,990 
5e 7-8 1.0:0.577 % 31,250 52,030 45,310 
5e 7-9 1.0:0.577 i 30,750 51,200 44,590 
5e 8-9 1.0:0.577 af 39,850 50,810 45 ,030 
5e 8-4 1.0:0.577 1 40,600 51,760 45 ,880 
Average 52,810 45,940 
5e 6-8 0.577 :1.0 3% 29,480 66 ,620 56,890 
5e 6-2 0.577:1.0 34 28,800 65 ,090° 55,580 
5e 7-7 0.577:1.0 % 37,780 62,900 54,780 
5e 7-6 0.577:1.0 % 37,180 61,900 53,910 
5e 8-1 0.577-1.0 1 49 ,220 62,750 55,620 
5e 8-6 0.577 :1.0 1 48 ,630 62,000 54,950 
Average 63,540 55,290 
5g 6-5 0:1.0 84 32,370 73,160 62,470 
5g 6-1 0:1.0 34 33,420 75,530 64,500 
5g 7-1 0:1.0 K% 41,270 68,710 59,840 
5g 7-10 0:1.0 % 41,250 68,680 59,810 
5g 8-8 0:1.0 il 54,000 68,850 61,020 
5g 8-7 0:1.0 1 53,120 67,730 60,020 
Average 70,440 61,280 


facture have been separated by presenting each 
series individually. 

Figure 18 shows four fractures which are 
typical of those obtained in the tests at the four 
shear-tension ratios. From left to right the shear 
tension ratios for the specimens shown are 0.0:1.0, 
0.577:1.0, 1.0:0.577, and 1.0:0.0. 


Table 12 
Summary of Test Results of Series 6 


Grip: 3 IN Drivine: Hanp-PNEUMATIC Rivers: Couip-ForMED 
Spec. Shear- Rivet Ultimate Ultimate Strength Based On 

No. Tension Size, Load, Nominal Hole 

Ratio in. lb Area, Size, 

pst psi 
6a 6-5 1.0:0 34 24,140 54,550 46,590 
6a 6-9 1.0:0 34 23,920 54,060 46,160 
6a 7-9 1.0:0 % 30,900 51,450 44,800 
6a 7-3 1.0:0 % 30,700 51,110 44,510 
6a 8-3 1.0:0 1 40,240 51,310 45,470 
6a 8-6 1.0:0 1 40,050 51,070 45,260 
Average 52,260 45,460 
6c 6-7 1.0:0.577 4 24,050 54,350 46,420 
6c 6-3 1.0:0,577 34 23,900 54,010 46,130 
6c 7-8 1.0:0.577 % 31,150 51,860 45,170 
6e 7-7 1.0:0.577 % 31,850 53,080 46,180 
6c 8-1 1,0:0.577 1 41,400 52,780 46,780 
6e 8-8 1.0:0.577 1 40,280 51,360 45,510 
Average 52,900 46 ,030 
6e 6-6 0.577 :1.0 34 28,530 64,480 55,060 
Ge 6-4 0.577:1.0 34 28,500 64,410 55,000 
6e 7-5 0.577:1.0 i% 38,040 63 ,330 55,160 
6e 7-7 0.577:1.0 K% 38,190 63 ,580 55,370 
6e 8-10 0.577:1.0 1 47 ,700 60,820 53,900 
6e 8-7 0.577:1.0 1 49,900 63 ,620 56,390 
Average 63 ,370 55,150 
6g 6-1 0:1.0 %4 31,600 71,400 60,990, 
6g 6-8 0:1.0 4 33 ,080 74,760 63,840 
6g 7-1 0:1.0 % 41,870 69,710 60,710 
6g 7-4 0:1.0 % 41,100 68,430 59,590 
6g 8-4 0:1.0 1 53,370 68 ,050 60,310 
6g 8-5 0:1.0 al 58,450 68,150 60,400 
Average 70,080 60,970 
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Fig. 18. Typical Fractures at the Four 
Shear-Tension Ratios 


During the application of load to each speci- 
men, the separation of the testing machine pull- 
heads was recorded. Typical results of these meas- 
urements are shown in Fig. 19 for tests conducted 
at the four shear-tension ratios. The areas under 
these curves give an indication of the relative 
energy absorbing capacity of the rivets when sub- 
jected to static loads. It is interesting to note that 
a deviation in loading from direct tension to a 
shear-tension ratio of 0.577:1.0 greatly reduced 
the energy absorbing capacity of the rivets. 


10. Effect of Shear-Tension Ratio 


The results of the shear-tension tests are sum- 
marized in Table 15 for each series of tests and 


Table 13 
Summary of Test Results of Series 9 


Grip: 5-1N. Drivine: Macuine Rivers: Coip-ForMED 
Spec. Shear- Rivet Ultimate Ultimate Strength Based On 

No. Tension Size, Load, Nominal Hole 

Ratio in. lb Area, Size, 

pst pst 
Ya 6-1 1.0:0 34 22,330 50,465 43 ,090 
9a 6-6 1.0:0 34 22,050 49 ,830 42,550 
Ya 7-1 1.0:0 % 29,600 49 ,380 43 ,010 
9a 7-6 1.0:0 % 28,600 47 ,620 41,470 
9a 8-1 1.0:0 1 37 ,250 47 ,490 42 ,090 
9a 8-6 1.0:0 1 37,750 48,130 42,660 
Average 48,820 42,480 
9c 6-5 1.0:0.577 34 23,200 52,430 44,780 
9c 6-4 1.0:0.577 34 23,220 52,480 44,810 
9c 7-7 1.0:0.577 i% 28,900 48,120 41,900 
9c 7-8 1.0:0.577 h% 29,500 49,120 42,770 
9c 8-3 1.0:0.577 u 37,3840 47 ,600 42,190 
9c 8-9 1.0:0.577 1 37,150 47 ,370 41,980 
Average 49 ,520 43 ,070 
9e 6-7 0.577:1.0 34 27 ,030 61,090 52,170 
Je 6-3 0.577 :1.0 34 27,500 62,150 53 ,080 
9e 7-3 0.577 :1.0 K% 34,000 56,610 49 ,300 
9e 7-9 0.577 :1.0 K 34,800 57,940 50,460 
9e 8-7 0.577 :1.0 0 43 ,480 55,440 49,130 
9e 8-8 0.577 :1.0 1 44,270 56,440 50,020 
Average 58,280 50,690 
9g 6-2 0:1.0 34 28,730 64,930 55,450 
9¢ 6-8 0:1.0 34 29,430 66,510 56,800 
9g 7-2 0:1.0 K 39,130 65,150 56,740 
9g 7-4 0:1.0 K% 37,900 63,100 54,950 
9g 8-4 0:1.0 1 48,440 61,760 54,740 
9g 8-10 0:1.0 1 48 ,200 61,450 54,470 
Average 63 ,820 55,520 


Specimen  Shear-tension 


SAF-6 10: 00 


307-4 10 : O577 
SETS OSH = 10 
3G7-7 00:10 


O .200 .400 -600 -800 4000 1.200 
Deformation in inches, separation of pull-heads 


Load in thousands of pounds 


Fig. 19. Typical Load-Deformation Curves for Rivets 
Tested at Various Shear-Tension Ratios 


ach of the shear-tension ratios. For all series, the 
average ultimate strength based on the rivet hole 
area is given in column (3). The interaction data 
based on the tensile strength and the shear strength 
of the rivets are given in columns (4) and (5), 
respectively. With these values the data can be 
expressed in the form of interaction curves as 
described in the section on “Variation in Ultimate 
Strength With Shear-Tension Ratio.” 

. The column (4) data of Table 15 are compared, 
in Table 16(a), with the corresponding values from 
an ellipse having a semi-major axis of unity and a 


Table 14 
Summary of Test Results of Series 10 
Rivers: Hot-Formep 


Grip: 5-IN. Drivine: Macuine 


Spec. Shear- Rivet Ultimate Ultimate Strength Based On 

No. Tension Size, Load, Nominal Hole 

Ratio in. Ib Area, Size, 

psi pst 
10a 6-1 1.0:0 34 23 ,350 52,770 45,070 
10a 6-11 1.0:0 34 22,950 51,870 44,290 
10a 7-1 1.0:0 % 30,150 50,200 43 ,720 
10a 7-10 1.0:0 % 29,000 48,280 42,050 
10a 7-11 1.0:0 i 27 ,550 45,870 39,950 
10a 8-1 1.0:0 1 37,000 47,180 41,810 
10a 8-11 1.0;:0 1 36,400 46,410 41,130 
Average 48,940 42,570 
10e 6-4 1.0: 34 23,780 53,740 45,890 
10c 6-6 1.0: 34 23,900 54,010 46,130 
10¢ 7-3 1.0: % 30,170 50,230 43 ,750 
10¢ 7-5 1.0: % 29,600 49 ,280 42,920 
10¢ 8-4 1.0: 1 37 ,880 48 ,300 42,800 
10¢ 8-6 1.0: il 38,500 49 ,090 43 ,500 
Average 50,770 44,160 
102 6-7 0.577 :1.0 34 62,940 53,750 
10e 6-8 0.577 :1.0 34 62,870 53,690 
102 7-6 0.577:1.0 % 58,810 51,210 
102 7-7 0.577:1.0 % 53 59,140 51,500 
102 8-5 0.577:1.0 1 44,150 56,290 49,890 
102 8-7 0.577 :1.0 1 43,770 55,800 49 ,460 
Average 59,310 51,580 
10g 6-2 0:1.0 34 29,910 67,590 57,730 
10g 6-9 0:1.0 34 30,300 68,480 58,480 
10g 7-4 0:1.0 K% 38,760 64,530 56,200 
10g 7-9 0:1.0 % 38,950 64,850 56,480 
10g 8-2 0:1.0 1 48 ,320 61,610 54,600 
10g 8-10 0:1.0 iis 48,600 61,960 54,920 
Average 64,840 56,400 
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Table 15 
Average Interaction Data for All Series of Tests 
Series Shear-Tension Ult. Strength Col. (3)+Ult. Col. (3) + Ult. 
Number Ratio Based on Hole Strength of Strength of 
Area, 1000's Rivet in Rivet in 
psi Tension Shear 
(1) (3) (4) (5) 
1 47.65 0.757 1.0 
2 45.97 0.705 10 
3 44.15 0.787 1.0 
4 44.69 0.779 1-0 
5 46.20 0.754 1.0 
6 45.46 0.746 1.0 
9 42.48 0.765 1.0 
10 42.57 0.755 1.0 
44.89 0.756 f-0, 
il 48.25 0.766 1.012 
2 48.72 0.747 1.059 
3 44.15 0.787 1.000 
4 44.04 0.770 0.990 
5 45.94 0.749 0.994 
6 46.03 0.755 1.013 
9 43 .07 0.776 1.014 
10 44.16 0.783 1.035 
45.54 0.767 1.015 
1 55,98 0.889 1.175 
2 57.28 0.879 1.245 
3 52.07 0.928 1.180 
4 53.36 0.930 1.195 
5 55.29 0.902 1.197 
6 55.15 0.904 1.214 
9 50.69 0.913 1.193 
10 51.58 0.915 1.208 
53 .92 0.907 1.201 
1 62.97 120) 1.321 
2 65.19 1.0 1.418 
3 56.09 CG) 1.273 
4 57.36 120 1.285 
5 61.28 1.0 1.326 
6 60.97 1.0 1.341 
9 55.52 1.0 1,341 
10 56.40 iG) 1.322 
59.47 1.0 1.324 


semi-minor axis of 0.75. This ratio of semi-major 
to semi-minor axis is equal to the ratio of allow- 
able shear and tensile strengths permitted by the 
present AISC specification, and is in reasonably 
good agreement with the test results. The maximum 
deviation from the ellipse for any series is — 6.0 
per cent and occurs for Series 2 (1-in. grip, hand- 
pneumatic driven) at a shear-tension ratio of 
1.0:0.0. At this same shear-tension ratio, the devia- 
tion of the average value of all tests from the 
value given by the theoretical ellipse is only 0.8 
per cent. It may be of interest also to note that 98 
per cent of all of the individual test results differed 
by less than 7.0 per cent from the values predicted 
by the ellipse, 
y2 X?2 


G0)" Grey ee @) 


based on the average tensile strength of the driven 
rivets. Although this type of interaction curve fits 
the test data extremely well, it must be remem- 
bered that the values are all functions of the rivet 
tensile strength. 

The data of column (5) of Table 15 are com- 
pared with a similar ellipse in Table 16(b). The 


semi-minor axis of this ellipse was taken as unity 
and the semi-major axis as 1.333. This is the same 
ratio of shear to tension as was used in the pre- 
ceding analysis, but the present comparison is 
based on the average shear strength of the driven 
rivets rather than the tensile strength. 

The maximum deviation of the data of any 
series from the ellipse occurs at a shear-tension 
ratio of 1.0:0.577 and is — 6.6 per cent. However, 
the average deviation for all of the series, at this 
same shear-tension ratio, is only — 4.3 per cent. 
At a shear-tension ratio of 0.577:1.0 the deviation 
is only — 1.0 per cent, and at a shear-tension ratio 
of 0.0:1.0 only 0.7 per cent. 

In Fig. 20 the data are plotted on the basis of 
the rivet shear strength. Each point on this figure 
represents the average of the duplicate specimens 
of the three rivet diameters tested at a particular 
shear-tension ratio, and the number at each point 
refers to the particular series number that the point 
represents. This presentation, it appears, will be of 
most practical use to the design engineer since it 
correlates the results of the tests with the shear 
strength of the rivets, a value with which he is 
well acquainted. 

If one assumes that this curve of Fig. 20 is 
representative of the data and the behavior of the 
rivets, the strength of a rivet subjected to a loading 
at any shear-tension ratio can then be conveniently 
expressed as a function of the direct shear strength 


Table 16 
Comparison of Interaction Data With Ellipse 
(A) Basep on River TensILe STRENGTH 


Series 8:7 =0.577:1.0 S:T =1.0:0.577 S:T=1.0:0.0 

No. Av. % Devia- Av. % Devia- Av. % Devia- 
for tion from for tion from for tion from 

Series Ellipse Series Ellipse Series Ellipse 

1 0.889 —2.5 0.766 —3.3 0.757 +0.9 

2 0.879 3. 0.747 —5.7 0.705 —6.0 

3 0.928: +1.7 0.787 —O56 0.787 +4.9 

4 0.930 2.0 0.770 —2.8 0.779 +3.9 

5 0.902 =I. 0.749 —5.4 0.754 +0.5 

6 0.904 —0.9 0.755 Ae 0.746 —0.6 

9 0.913 +0.1 0.776 =2.0 0.765 +2.0 

10 0.915 +0.3 0.783 Tk 0.755 +0.7 

Average 0.907 —0.5 0.767 —3.2 0.756 +0.8 

Ellipse 0.912 0.792 0.750 
(B) Basep on River SHeAR STRENGTH 

Series S:T=0:1.0 8:7 =0.577:1.0 S:7 =1.0:0.577 
No. Ay, % Devia- Ay. % Devia- Av. % Devia- 
for tion from for tion from for tion from 

Series Ellipse Series Ellipse Series Ellipse 

1 1.321 —0.9 1.175 —3.6 1.012 —4.5 

2 1.418 +6.4 1.245 +2.1 1.059 —O7 

3 1.273 —4.8 1.180 =3.2 1.000 —&i7 

4 1.285 —3.7 1.195 —2.0 0.990 — 656 

5 1.326 —0.5 1.197 —1.7 0.994 —6:2 

6 1.341 +0.6 1.214 —0.4 1.013 —4.4 

9 1,307 —2.0 1.193 =—2 01 1.014 —4.3 

10 1,322 —0.8 1.208 —0.9 1.035 —2.4 

Average 1.324 —0.7 1.201 -1.0 1.015 —4.3 

Ellipse 1.333 1.219 1.060 


Tension component + rivet shear strength 
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Shear component = rivet shear strength 


Fig. 20. Interaction Curve for Rivets of all Series of Primary Test Program 
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of the rivets. From the ellipse the strength of a 
rivet at any shear-tension ratio is given by the 


equation, 
y? o 
(1.333)? T 0 


= 1.0 (2) 


Tensile component of force on rivet 
at ultimate strength 


mw hererd ee Ultimate shear strength of rivet 
Shear component of force on rivet 

ees ye at ultimate strength 

~ Ultimate shear strength of rivet 

Let 7+ =the strength of a rivet divided by the 
rivet shear strength at any tension- 
shear ratio, m. 

and OL = Tikes (3) 


Solving Eqs. 2 and 8 simul- 
taneously for a value of 2, 
one obtains: 


(1.333)? 
a erecay  C 


-— 133 —*] ~ 


le Noe 


Then solving for a value of 7, one obtains, 


1+ mm 
(a Bea yee oe (1.333)? $m (5) 


Since r is the rivet strength at any tension-shear 
ratio divided by the rivet shear strength, we can 
write, 


Si s0Se (6) 


where S = strength of a rivet at any tension-shear 
ratio; S,—= shear strength of the rivet; and r 
ranges from a value of 1.0 for a rivet subjected to 
direct shear to a value of 1.333 for a rivet sub- 
jected to direct tension. Values of 7, the interaction 
coefficient, for various tension-shear ratios may be 
computed from the above equation or obtained 
directly from the curve shown in Fig. 21. 


11. Effect of Grip 


A study of the effect of the grip on the ultimate 
strength of the rivets at the four shear-tension ra- 
tios is shown in Fig. 22. All of the rivets whose 
ultimate strength is shown in this figure were cold- 
formed and hand-pneumatiec driven. Each rivet di- 
ameter is shown separately; thus the rivet grip is 


50 


m 


40 


ZO 


20 


Tension-shear ratio, 
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10 El. re 13 /4 
Interaction coefficient, r 


Relation of Interaction Coefficient to 
Tension-Shear Ratio 


Fig. 21. 


the only variable contributing to the difference in 
strengths shown by the curves. 

In general, the ultimate strength decreased with 
an increase in grip; however, the decrease was 
somewhat more pronounced for the tests in direct 
tension than for the tests at the other shear-tension 
ratios. For the direct tension tests of 34-in. rivets 
at grips varying from 1 in. to 5 in., the decrease in 
ultimate strength was 12.4 per cent. For tests made 
at shear-tension ratios of 0.577:1.0, 1.0:0.577, and 
1.0:0.0, the corresponding decreases in ultimate 
strength for the 34-in. rivets were 9.8, 9.4, and 9.2 
per cent, respectively. Similar decreases in strength 
are shown also for the %-in. and 1-in. rivets. 

A study of the rivet sections shown in Figs. 3, 4, 
and 5 shows that the rivets of the 5-in. grip speci- 
mens did not fill the rivet holes as well as did the 
1- and 2-in. grip rivets. This fact may be respon-— 
sible in part for the lower ultimate strengths ob- 
tained for the 5-in. grip specimens. It is possible 
also that the short grip rivets have slightly differ- 
ent strength properties than those of long grips be- 
cause of the differences in working the material 
during driving. 

There may be some question as to the effect of 
the initial clamping force in the rivets upon their 
behavior when subjected to combined shear and 
tension, since long grip rivets are known to have a 
greater initial tension than those with a short grip. 
However, it is believed that upon yielding, the 
effect of this clamping is removed and the ultimate 
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strength of the rivets, whether subjected to tension 
or shear, or a combination of tension and shear, is 
not affected by the clamping. 


12. Effect of Rivet Diameter 


The variation in the ultimate strength of the 
rivets with a variation in the diameter, for each 
series of tests, is shown in Fig. 23. Apparently, the 
effect of a change in the diameter of a rivet on its 
strength was less pronounced for tests in direct 
shear (shear-tension ratio of 1.0:0.0) than for tests 
made at other shear-tension ratios. However, in 
spite of the small variation, the scatter of test re- 
sults between different series was less for tests made 
in direct shear than for tests made at other shear- 
tension ratios. 

In the tests of series 1, 2, 9 and 10, the 34-in. 
rivets were slightly stronger than the Y%-in. and 
1-in. rivets; for series 5 and 6 the 34-in. and 1-in. 
rivets were somewhat stronger than the %-in. 
rivets; but for series 4 the %-in. rivets were the 
strongest of the three diameters. These variations 


68 
Cold formed, 


Shear - tension ratio 
0.577 :10-¢ 
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in strength with rivet diameter were consistent for 
the tests made at each shear tension ratio. Although 
there appears to be a trend for the strength to de- 
crease with an increase in rivet diameter, it is ob- 
vious that there was no large or consistent effect. 
With the exception of series 2, the effect of rivet 
diameter on ultimate strength was small; none of 
the strengths of the various series differed by more 
than approximately 7 per cent. However, series 2 
had a maximum variation in strength between the 
%4-1in. and 1-in. rivets of 12.8 per cent. This maxi- 
mum variation in strength occurred at a shear- 
tension ratio of 0.577:1.0. 


13. Effect of Rivet Manufacture and Fabrication 


The variation in the ultimate strengths of the 
rivets tested at the four different shear-tension 
ratios with the method of rivet manufacture (hot- 
formed or cold-formed) is shown in Fig. 24. The 
effects of rivet grip, rivet diameter, and method of 
driving have been separated in this comparison so 
that the effects of the method of rivet manufacture 


hand- pneumatic drivén 
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based on hole diameter 
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Fig. 22. The Effect of Rivet Grip 
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can be conveniently studied. For the tests in direct 
shear, the 1-in. grip, cold-formed rivets appear to 
have been slightly stronger than the hot-formed 
rivets, but in general the hot-formed rivets were 
about equal in strength or slightly stronger than 
the cold-formed rivets. In no case, however, was 
there more than 5.2 per cent difference in ultimate 
strength between the hot- and cold-formed rivets. 

Figure 24 also demonstrates the difference in 
strength between the hand-pneumatic and machine 
driven rivets which had a 5-in. grip. The machine 
driven rivets were slightly weaker than the hand- 
pneumatic driven rivets; however, this slight differ- 
ence is insignificant and could, very likely, result 
from differences in heating and soaking conditions. 


14. Discussion of Possible Design Rules 

While the various design specifications provide 
a working or allowable stress for rivets subjected 
to shear, few provide for the use of rivets in ten- 
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sion. On the basis of the tests reported here, as well 
as many other tests reported in the literature, it is 
apparent that rivets will withstand tension or a 
combination of tension and shear, and that simple 
empirical relationships can be developed to relate 
the strength of these rivets to their shearing or 
tensile strength. 

In 1928 Young and Dunbarj proposed a rela- 
tionship, based on laboratory tests, which provides 
for a permissible tensile stress on rivets subjected 
to tension and shear. This relation provides a factor — 
of safety of about 4 against failure and is as 
follows: 


: 
: 


Vaxe 
P, = 21,000 — 8,000 d — 6750 ee (7) 
where P; = permissible tensile stress on rivets, psi 
T’ = total tension on rivet 


r 

V’ = total shear on rivet : 
d = diameter of rivet before driving 7 
on 


Lil 


% % / 
Rivet diam, inches 


Fig. 23. Effect of Rivet Diameter on Ultimate Strength at Four Different Shear-Tension Ratios 


Bul. 437. STATIC STRENGTH OF RIVETS IN COMBINED TENSION AND SHEAR 27 


o- % in. diam a- %p in. diam 4-/in. diam 


Shear-tension ratio 
Q0 : 10 


Ultimate strength, |OOOs psi based on hole diameter 


Cold Hot 
/in. grip, hand 
Fig. 24. Effect of Method of Rivet Manufacture and 
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Several forms of the interaction relationships 
which have been suggested for allowable working 
stresses on rivets subjected to shear and tension 
are shown in Fig. 25, and demonstrate the ease with 
which they can be used to determine allowable 
combined stresses on a rivet. Curve (1) is of the 
form suggested by Young and Dunbary but based 
on an allowable tensile stress of 20,000 psi, curve 
(2) is the elliptical relationship which has been 
found to be representative of the test results pre- 
sented herein, and curve (3) is a straight-line rela- 

+ ‘Permissible Stresses on Rivets in Tension,’ by C. R. Young 


and W. B. Dunbar. Bulletin No. 8, University of Toronto, Faculty of 
Applied Science and Engineering, 1928. 
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Fig. 25. Comparison of Various Relationships 
for Allowable Unit Stresses 


tionship suggested by Higgins and Munse* as a 
simple alternative for the ellipse. The values from 
the elliptical relationship can also be presented in 
tabular form as shown in Table 17. Thus, it can be 
seen that design specifications could be developed 
readily to provide for the design of rivets subjected 
to combined shear and tension. 


Table 17 
Working Shear-Tension Stress for Rivets* 
(Based on an allowable stress for shear alone of 15 ksi) 


Angle, Tension- Shear- Allowable Allowable = Allowable 
degrees Shear Tension Shear Tension Qblique 
Ratio Ratio Stress, Stress, Stress, 

ksi ksi ksi 

0 0 a 15.00 0 15.00 
27 0.51 1.95 14.00 7.18 15.72 
38 0.77 1.30 13.00 9.98 16.40 
45 1.00 1.00 12.00 12.00 16.96 
49 1.14 0.88 11.40 13.00 17.30 
53 1.31 0.77 10.71 14.00 17.63 
56 1.50 0.66 9.92 15.00 17.96 
61 1.79 0.56 9.00 16.00 18.37 
65 2,15 0.46 7.90 17.00 18.75 
70 2.75 0.36 6.54 18.00 19.16 
76 4.06 0.25 4.68 19.00 19.58 
90 a 0 0 20.00 20.00 


* “How Much Combined Stress Can a Rivet Take?” by T. R. Higgins and 
W. H. Munse, Engineering News Record, December 4, 1952. 


V. SUMMARY OF RESULTS AND CONCLUSIONS 


15. Summary of Results 


The results of the tests reported here may be 
summarized briefly as follows: 


A. Preliminary Tests 

(1) The difference in ultimate strengths between 
rivets of killed, semi-killed, and rimmed steels sub- 
jected to identical heating and driving conditions 
was small (less than 5 per cent). 

(2) Variations in furnace temperatures between 
1800 F and 1950 F and driving (hand-pneumatic) 
times between 7 and 30 sec had only a small effect 
upon the ultimate strength of the rivets. 

(3) The initial tension in the rivets was equal 
approximately to the yield point of the rivets for 
the 2-in. grip, the only grip for which these meas- 
urements were made. 

(4) The length of soaking time to which the 
rivets were subjected, before driving, appreciably 
affected the ultimate strength of the rivets. 

B. Shear-Tension Tests 

(5) An increase in grip from 1 in. to 5 in. pro- 
duced a reduction in ultimate strength of approxi- 
mately 8 per cent. 

(6) The method of rivet manufacturing (hot- 
or cold-formed) had little or no effect on the ulti- 
mate strength of the rivets tested at various shear- 
tension ratios. 

(7) The machine driven rivets (from only one 
fabricator) appeared to be slightly weaker than the 
hand-pneumatie driven rivets; however, the heat- 
ing and soaking conditions for the machine and 
hand-pneumatic driven rivets were different and 
may account for the difference in strength. 
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(8) The variation in ultimate strength with 
rivet diameter was generally less than 7 per cent. 

(9) The energy absorbing capacity of rivets 
subjected to static loads was greatly reduced as the 
shear-tension ratio was increased. 


16. Conclusions 


On the basis of the tests reported here it may be 
concluded that the ultimate strength of rivets sub- 
jected to loads ranging from direct tension to direct 
shear can be conveniently expressed in the form 
of a non-dimensional elliptical interaction curve or 
in the form of other simple interaction relation- 
ships. From the elliptical curve, the ultimate 
strength, S, of a rivet subjected to a force having 
any combination of shear and tensile components 
can be obtained easily by means of the following 
relationship: 


S77, 
where 
<, 1 + m 
pokes 333 ae (1.333)? + mi 
yen Tensile component of force 
~ Shear component of force 
and S, = Ultimate strength of rivet in direct shear. 


The relationship S = rS, could be easily applied 
to design specifications, simply by replacing the 
ultimate shearing strength by the maximum allow- 
able shear stress. The factor of safety for a rivet 
subjected to combined tension and shear would thet 
be the same as the factor of safety for a rivet sub- 
jected to direct shear. 


